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Layer-by-layer fabrication of AgCl–PANI hybrid
nanocomposite films for electronic tongues
Alexandra Manzoli,*a Flavio M. Shimizu,ab Luiza A. Mercante,a Elaine C. Paris,a
Osvaldo N. Oliveira Jr.,b Daniel S. Correa*a and Luiz H. C. Mattosoa
The fabrication of nanostructured films with tailored properties is essential for many applications,
particularly with materials such as polyaniline (PANI) whose electrical characteristics may be easily tuned.
In this study we report the one-step synthesis of AgCl–PANI nanocomposites that could form layer-
by-layer (LbL) films with poly(sodium 4-styrenesulfonate) (PSS) and be used for electronic tongues
(e-tongues). The first AgCl–PANI layer was adsorbed on a quartz substrate according to a nucleation-
and-growth mechanism explained using the Johnson–Mehl–Avrami (JMA) model, revealing a 3D film
growth confirmed by atomic force microscopy (AFM) measurements for the AgCl–PANI/PSS LbL films.
In contrast to conventional PANI-containing films, the AgCl–PANI/PSS LbL films deposited on interdigi-
tated electrodes exhibited electrical resistance that was practically unaffected by changes in pH from 4
to 9, and therefore these films can be used in e-tongues for both acidic and basic media. With a sensor
array made of AgCl–PANI/PSS LbL films with different numbers of bilayers, we demonstrated the
suitability of the AgCl–PANI nanocomposite for an e-tongue capable of clearly discriminating the
basic tastes from salt, acid and umami solutions. Significantly, the hybrid AgCl–PANI nanocomposite is
promising for any application in which PANI de-doping at high pH is to be avoided.
Introduction
A judicious choice of sensing materials and film architectures is
essential for achieving high performance in chemical sensor
arrays such as those employed in electronic tongues (e-tongues).
Such an approach allows one to explore the cross-sensitivity
aﬀorded by nanostructured films with distinct electrical char-
acteristics.1 Among the many candidate materials for such tasks
are the semiconducting polymers that may be useful in various
other applications where corrosion inhibition or antistatic pro-
perties are required. They may also be useful in light-emitting
diodes, solar cells and smart sensors.2 Of particular relevance is
the polyaniline (PANI) family, whose electrical properties can be
tuned by controlling their doping level through a simple non-
redox acid doping and base de-doping process. Indeed, the
emeraldine oxidation form is reversibly switched between elec-
trically insulating emeraldine base and conducting emeraldine
salt forms.3 The PANI conductivity can therefore be altered
rather easily for tailored applications. PANI is particularly sui-
table for distinguishing flavors with small changes in acidity.
However, this pH dependence may be a problem for using PANI
as an active layer in chemical sensors since de-doping at high pH
may compromise the reusability of the sensing unit.4
The main challenge in taking full advantage of PANI properties
for e-tongues is to find ways to reduce the pH dependence while
maintaining a high sensitivity to changes in the electric properties
of liquid samples. A possibility that emerged is the fabrication of
hybrid organic–inorganic nanocomposites, which avoids doping/
de-doping of PANI with respect to pH, making them useful for
neutral or even basic analytes.5 With such flexibility in properties,
hybrid PANI nanocomposites have indeed been used in electronic
applications, including as active layers for chemical sensors.6 The
sensing units in e-tongues are generally obtained by deposition of a
thin active layer onto an electrode to interact with the analyte. Several
film fabrication methods have been proposed for this purpose,7 and
perhaps the most commonly used now is the Layer-by-Layer (LbL)
technique owing to its experimental simplicity and low cost.8
Here we report a chemical sensor array with reduced pH
dependence that can be successfully fabricated with LbL films
made from AgCl–PANI hybrid nanocomposites synthesized by a
one-step route. This sensor array comprised AgCl–PANI/PSS
LbL films with 3, 5 and 7 bilayers and a bare electrode that
operated on the principle of impedance spectroscopy. The new
e-tongue was capable of discriminating flavors in solutions
with a broad pH range with good performance, using Principal
Component Analysis (PCA) as statistical method.
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Experimental
Synthesis of AgCl–PANI nanocomposites
AgCl–PANI nanocomposites were synthesized by a one-step
process9 in the presence and absence of the shape control
agent poly(vinylpyrrolidone) (PVP), and using two precursors:
silver nitrate (AgNO3) and silver sulfate (AgSO4). A solution of
0.012 mol L1 precursor and 0.012 mol L1 aniline monomer,
which had been distilled under reduced pressure and stored at
low temperature, was added in a 4% PVP aqueous solution
under stirring. A HCl aqueous solution at 1 mol L1 of
ammonium persulfate (APS) as the oxidant was dropped into
the resultant mixture using a 1 : 1 molar ratio (aniline : APS).
The reaction was left under stirring for 24 h at room tempera-
ture and then the formed precipitate was centrifuged and
washed several times with distilled water and ethanol. The
final product was lyophilized for 2 h and stored in a desiccator.
Preparation of AgCl–PANI/PSS LbL films
A solution of 1 mgmL1 AgCl–PANI was prepared by dispersing the
nanocomposites in 1 mL dimethylacetamide (DMAc) under stirring
for 10 min, and then 9 mL of HCl aqueous solution (pH 3) was
added. Poly(sodium 4-styrenesulfonate) (PSS) solution was dissolved
in HCl (pH 3). AgCl–PANI/PSS LbL films were deposited on quartz,
silicon wafers and platinum interdigitated electrodes by alternating
immersion into cationic AgCl–PANI and PSS anionic solutions.
Nanocomposite and film characterization
AgCl–PANI nanocomposites were characterized by X-ray diffrac-
tion (XRD) using a Shimadzu XRD 6000 diffractometer with
CuKa radiation from 101 to 801 (2y) at 21min1. The morphology
of as-prepared samples was observed using a field-emission gun
scanning electron microscope, FEG-SEM (JEOL-JSM 6701F).
The morphology and thickness of LbL films adsorbed on glass
substrates were assessed by AFM using a Dimension V (Veeco)
microscope. All images were obtained in the Tappingt mode
with a scan rate of 0.6 Hz, using silicon nitride tips attached to a
cantilever of a spring constant of 2.5 N m1. The film thickness
was determined using a scalpel to scratch and peel out a small
spot of the film deposited onto a glass substrate. The root-mean-
square roughness (Rrms) was calculated using Gwydion
r 2.1
data analysis software. UV-Vis absorption spectra were recorded
using a Perkin-Elmer Lambda 25 on quartz slides. FTIR spectro-
scopy was performed on a Perkin-Elmer 1000 using silicon
wafers as substrates for the films. A total of 64 scans were
collected at a resolution of 2 cm1. Electrical characterization
of sensing units was performed using an impedance gain phase
analyzer (Solartron, model 1260). Data were collected in the
range from 1 Hz up to 1 MHz, with an ac applied signal of
50 mV amplitude.
Results and discussion
The synthesis of hybrid nanocomposites was conducted employ-
ing AgNO3 and Ag2SO4 as precursors, in the presence and
absence of the shape control agent (PVP). The XRD patterns in
Fig. 1 correspond to the crystal planes of inorganic, face-centered
cubic (FCC) crystals of AgCl nanoparticles, in good agreement
with the data in JCPDS File No. 06-0480. For the synthesis in the
presence of PVP, the baseline changed in the region from 101 to
351 is assigned to amorphous PANI, thus suggesting the for-
mation of AgCl–PANI nanocomposites. This is consistent with
Feng et al.9 who showed that AgCl–PANI nanocomposites could
not be formed without PVP because interaction between inor-
ganic AgCl nanoparticles and the aniline monomer was promoted
by the amphiphilic PVP. The mechanism in the interaction,
according to Hao et al.,10 consists in PVP being firstly attached
onto the surface of the nanoparticles, then providing active sites
to induce PANI growth. This type of interaction prevents PANI
aggregation and limits nanoparticle growth, since the preferential
alignment of the monomer onto PVP leads to a larger number of
hydrogen bonds between PANI–PVP than PANI–PANI.11
The average size of the AgCl nanoparticles was calculated
using Scherrer’s equation for the most intense diﬀraction peak
(200), and confirmed the influence from PVP, which induced
smaller crystallites when AgNO3 was used as the precursor. The
average size D, in nm, was: DAgNO3 = 48, DAgNO3/PVP = 30, DAg2SO4 =
32 and DAg2SO4/PVP = 32. Similar eﬀects were reported by Soltani
et al.12 with the size of zinc sulfide nanoparticles being limited
by increasing concentrations of PVP. According to the authors,
Fig. 1 X-ray Powder Diﬀraction (XRD) patterns for AgCl–PANI nano-
composites obtained by the one-step process in the presence and
absence of PVP with (a) AgNO3 and (b) Ag2SO4 precursors.
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the coordination of PVP through its nitrogen atom can provide
the capping eﬀect to limit nanoparticle growth.
The eﬀect from PVP on the morphology of nanocomposites
was confirmed in the FEG-SEM images (Fig. 2), where reduced
size AgCl–PANI nanocomposites are shown for the PVP-
containing synthesis, consistent with the XRD results. The
decrease in the particle size is an interesting feature for the
nanocomposites to be exploited in sensing units, as a larger
area/volume ratio usually favors sensitivity. Therefore, for the
sensing applications we employed the LbL films containing
AgCl–PANI nanocomposites prepared with AgNO3 in the
presence of PVP.
The adsorption mechanism of the first layer of AgCl–PANI
onto the quartz substrate to form the LbL film was interpreted
using a model based on the Johnson–Mehl–Avrami (JMA)
equation,13 which gives a phenomenological description of
adsorption kinetics and has been successfully applied to poly-
mer film growth.14 The adsorbed mass is assumed to be
proportional to the optical absorbance, defined in the JMA
equation by
A ¼ k1 1 exp tt1
  
þ k2 1 exp  tt2
 n  
(1)
where A is the absorbance at a selected wavelength, k and n are
constants, and t1 and t2 are the characteristic times. The first
exponential corresponds to a first-order kinetics with t1 being
associated with nucleation of polymer domains, while t2 is
related to growth of already-formed nuclei. The second expo-
nential cannot be of first-order because of the increase in
absorbance after the plateau has an upward inflexion. The
adsorption kinetics curve for the AgCl–PANI layer in Fig. 3
reveals saturation of polymer adsorption after 300 s, consistent
with t2 = 345 s. The value n = 3 corresponds to a 3D growth of
spheroids.15
The sequential growth of AgCl–PANI/PSS LbL films prepared
with an immersion time of 345 s was monitored by UV-Vis
spectroscopy. The two peaks in the spectra at 271 and 840 nm
in Fig. 4(a) are assigned to the p–p* transition of the benzenoid
and quinoid rings on the PANI chain.16 The absorbance
increased linearly with the number of bilayers, as indicated in
Fig. 2 FEG-SEM images of the AgCl–PANI nanocomposites. Conditions:
(a) Ag2(SO4), (b) Ag2(SO4) with PVP, (c) AgNO3 and (d) AgNO3 with PVP
(scale bar = 1 mm).
Fig. 3 Adsorption kinetics curve for the first AgCl–PANI layer deposited
onto a quartz substrate. The solid lines represent the fit using the JMA
model.
Fig. 4 (a) UV-Vis absorption spectra for the layer-by-layer films of AgCl–
PANI/PSS, ranging from 1 up to 10 bilayers and (b) absorption at 271 nm as
a function of the number of deposited bilayers, displaying the linear
dependence.
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Fig. 4(b), and therefore the same amount of material was
adsorbed in each bilayer.
The AFM images in Fig. 5 show a globular morphology
typical of polyanilines,17 also featuring nucleus growth as the
number of AgCl–PANI/PSS bilayers increased from 3 to 7.
Such growth is accompanied by an increased roughness (Rrms),
with Rrms = 38 nm, 42 nm and 52 nm for 3, 5 and 7 bilayers,
respectively. The increased globule size and roughness are
consistent with the 3D growth in film deposition as determined
from the JMA model. The AFM was also used to measure the
film thickness and the obtained values were: 66, 119 and
259 nm for 3, 5 and 7 bilayers, respectively.
The successful adsorption of both components on the
LbL film was confirmed by comparing the FTIR spectrum for
a 5-bilayer AgCl–PANI/PSS LbL film with spectra taken for PSS
and AgCl–PANI cast films. Fig. 6 displays the main vibrational
bands of AgCl–PANI assigned as follows: 1588–1570 cm1
(CQC stretching of quinoid rings), 1490–1508 cm1 (CQC
stretching of benzenoid rings), 1308 cm1 (stretching vibration
of the secondary amine C–N group), 1150 cm1 (ring amine
bending vibrations modes) and 832 cm1 (C–H out-of-plane
deformation vibration of the benzenoid groups).15,18 The sul-
fonic group vibration bands at 1010 and 1038 cm1 in the AgCl–
PANI/PSS LbL film spectrum confirm the presence of PSS in the
LbL film. The bands at 1588 cm1 and at 1490 cm1 in the
AgCl–PANI cast film spectrum are shifted by 18 cm1 to lower
and higher wavenumbers, respectively, in the AgCl–PANI/PSS
LbL films. These changes in the LbL film result from electro-
static interactions between AgCl–PANI and PSS, probably invol-
ving the quinoid groups of PANI.19
Electrical characterization
The main motivation in this study was to obtain a polyaniline-
based sensing unit that would retain the sensing ability of a
chemical sensor, without being aﬀected by drastic changes in
pH in order to increase reusability. To demonstrate that this
aim was fulfilled we used as a model two types of nanostruc-
tured films, then measured and compared their electrical
impedance: (i) 5-bilayer AgCl–PANI/PSS LbL film and (ii)
5-bilayer commercial PANI/PSS LbL film. The measurements
were taken from 1 Hz to 1 MHz with the sensing units
immersed in solutions with pH varying from 2 to 9. Fig. 7
shows the electrical resistance (a) and capacitance (b) at 1 kHz,
Fig. 5 AFM 3D images of (a) 3, (b) 5, and (c) 7-bilayer AgCl–PANI/PSS LbL
films. LbL films with these three thicknesses were studied because these
were the numbers of bilayers used in the sensor array for an e-tongue
discussed later on.
Fig. 6 FTIR spectra of AgCl–PANI/PSS LbL film, PSS and AgCl–PANI cast
films.
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where the capacitance was essentially unaltered between pH 4
and 9 for the nanocomposite film, whereas it varied up to 67%
in the same pH range for the film containing commercial PANI.
Most importantly, Fig. 7(b) shows an abrupt change in electrical
resistance for commercial PANI, which as expected was rather low
(0.5 to 4 kO) for acid media but then increased considerably in
basic media, reaching hundreds of kO. This expected increase in
electrical resistance arises from de-doping of PANI in basic media,
and may have deleterious effects in sensing.20 On the other hand,
the sensing unit made with AgCl–PANI/PSS had a small change in
resistance, which can be ascribed to addition of inorganic nano-
particles into the polymer. Although the mechanism that main-
tains the AgCl–PANI nanocomposite stable in neutral media has
not been fully elucidated, it is believed to be a consequence of the
large amount of negative charged chloride ions. Such ions provide
the anionic doping that yields a redox-active nanocomposite at
neutral and even basic aqueous solutions.21
To demonstrate the suitability of the nanocomposite films
for applications in chemical sensors, we tested them in an
e-tongue array, whose units contained AgCl–PANI/PSS LbL
films with 3, 5 and 7 bilayers and a bare electrode. Such an
approach provides a change in film thickness, which alters the
electrical response for each sensing unit. This methodology can
provide variability to establish a finger-printing pattern for a
given liquid within the global selectivity concept.22
The electrical resistance data for the sensing units immersed
in solutions with concentrations 103, 104 and 105 mol L1
representing the basic tastes, acid (HCl), salt (NaCl) and
umami (glutamate), were treated using the statistical method
Principal Component Analysis (PCA). This method is a mathe-
matical procedure that employs orthogonal transformations
to convert a set of multivariate data into a set of values of
uncorrelated variables called principal components.23 The
PCA plot in Fig. 8 indicates full discrimination of all samples
in distinct groups, including distilled water as a reference. For
instance, we note that distilled water is located on the positive
side of PC1 and the negative side of PC2. Salty solutions (NaCl)
are grouped in the same region as distilled water, however
they are located in a well-separated cluster, which indicates
good discrimination. Acidic solutions (HCl) can be seen in a
well-separated cluster located on the positive sides of PC1 and
PC2, while glutamate solutions are grouped on the opposed
region (negative sides of PC1 and PC2). Moreover, the data
variance was mainly accounted using two first principal com-
ponents, yielding 96% (PC1 + PC2) of the total information
collected by the array. Therefore, in addition to being unaf-
fected by large changes in pH, the AgCl–PANI/PSS LbL films
can clearly distinguish different basic flavors and be success-
fully employed in an e-tongue.
In subsidiary experiments, we used a similar sensor array
made with commercial PANI/PSS LbL films, also with 3, 5 and 7
bilayers, but discrimination of the basic tastes in the PCA plot
was not adequate. This is further confirmation of the suitability
of the AgCl–PANI nanocomposite LbL films for a chemical
sensor, whose performance was superior to that observed for
commercial PANI. It should also be remarked that the sensi-
tivity reached here with the basic taste solutions down to 105
mol L1 is not as high as in other studies (see for instance
ref. 25), as we made no attempt to optimize the performance.
Our focus was in demonstrating the suitability of AgCl–PANI
nanocomposites for e-tongues, which can be applied to both
acidic and basic media.
Fig. 7 (a) Capacitance and (b) electrical resistance values measured at
1 kHz varying the solution pH from 2 to 9 for commercial PANI and AgCl–
PANI nanocomposite film with 5 bilayers.
Fig. 8 PCA plots for distilled water and the three flavors: acid (HCl), salty
(NaCl) and umami (glutamate). The electrical resistance values were
recorded at 1 kHz and 50 mV, using an e-tongue with four sensing units
(bare electrode and electrodes with 3, 5 and 7 bilayers of AgCl–PANI/PSS
LbL films). The data variance for PC1 and PC2 is included in parentheses.
The frequency 1 kHz was chosen to analyze the data because normally
higher sensitivity is achieved at lower frequencies owing to the importance
of the electrical double-layer in the electrical response.24
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Conclusion
AgCl–PANI hybrid nanocomposites were obtained using the
AgNO3 precursor in the presence of 4% PVP by one-step
synthesis, which was confirmed by XRD and FEG-SEM mea-
surements. Growth of the first AgCl–PANI layer on a quartz
substrate could be explained using the JMA model, typical of
nucleation and growth processes, consistent with film mor-
phology of AgCl–PANI/PSS LbL films studied with AFM. The
electrical properties of AgCl–PANI/PSS LbL films adsorbed on
platinum interdigitated electrodes were almost unaffected by
changes in pH from 4 to 9. In contrast, PANI/PSS films obtained
with commercial PANI presented a drastic increase in electrical
resistance with the raise of pH, as a consequence of its de-doping
process. Therefore, the AgCl–PANI nanocomposite was further
employed in an e-tongue based on a sensor array comprising a
bare electrode and electrodes coated with different numbers of
AgCl–PANI/PSS LbL films. Using PCA to analyze the electrical
resistance of the sensing units immersed in liquid solutions
representing basic tastes, we show that the e-tongue was capable
of discriminating salt, acid and umami solutions at a concen-
tration of 105 mol L1. Taken together, these results indicate
that the electrical properties of AgCl–PANI nanocomposites can
be tailored for specific applications, as demonstrated here for an
e-tongue that may be used in acidic as well as in basic media.
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